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Introduction {#sec1.1}
============

Three-dimensional structure determinations based on cryo-electron microscopy (cryo-EM) have become a standard tool of structural biology in recent years. Just as in the practice of crystallography ([@bib22]), the technique of freezing samples in vitrious ice for EM analysis ([@bib1], [@bib3]) has made it possible to obtain two-dimensional projected images with minimal distortion or artifacts. Provided there is a plentiful supply of near identical frozen particles in random orientations, these projections can be combined to form three-dimensional images. The resolution of these images has been improving rapidly, largely because of improvements in reconstruction techniques ([@bib27], [@bib29]). In particular, efforts have centered on the accurate determination of the contrast function that corrects the two-dimensional images for the experimental out-of-focus distance, the accurate determination of the relative orientation of the projected images, and the use of a far greater number of particles. As a result, it is now quite usual for cryo-EM image reconstructions to have an estimated resolution of 10 Å, and sometimes even as good as 7 Å, with expectations of reconstructions going to 4 Å ([@bib9], [@bib29]) soon. These improvements have made it possible to accurately fit atomic resolution crystal structures of molecular fragments into the lower resolution EM density to produce "pseudo" atomic structures of the complex ([Figure 1](#fig1){ref-type="fig"} ). Although the fitting procedure is frequently done "by hand" using visual graphics programs, such as O ([@bib11]), there are considerable advantages in performing these operations by computer ([@bib10], [@bib23], [@bib24], [@bib30], [@bib31], [@bib32]) in order to establish the uniqueness and quality of the fit (especially at resolutions lower than about 15 Å) and to determine whether the crystal structure can be treated as a rigid model or should be modified by permitting some bending or hinge motions.Figure 1Fitting the Icosahedrally Averaged, Cryo-EM Density of Dengue Virus at 9 Å Resolution with the Crystal Structure of the Envelope (E) Ectodomain Protein Dimer C~α~ Backbone(A) The cryo-EM density ([@bib15]; [@bib34]) and the position of icosahedral 5-fold, 3-fold, and 2-fold symmetry axes surrounding one asymmetric unit. (B) One E dimer ([@bib18]; [@bib21]; [@bib35]) fitted with its 2-fold axis coincident with an icosahedral 2-fold axis. (C) A second E dimer fitted into the remaining density. (D) The icosahedral symmetry has been used to generate the whole of the top surface of the virus shown as a stereo diagram. Each E monomer is colored red (domain I), yellow (domain II), and blue (domain III).

In discussing the problems and advantages of combining structural techniques, we will take examples primarily from our own experience, although other examples now abound. Furthermore, we will concentrate especially, but not exclusively, on our studies of dengue virus ([@bib15], [@bib34]) and the tailed bacteriophages *ϕ*29 ([@bib28]), and T4 ([@bib14], [@bib17]).

When Is Cryo-EM Essential? {#sec1.2}
==========================

Crystals of macromolecules are limited to those cases where significantly strong contacts can be made between molecules that create the infinite lattice. The larger and structurally more complicated the molecule or molecular assembly, the less likely it is that the molecule can be packed into a crystal, such that the surface area of contact between molecules is large compared with the total area of the molecular assembly itself. An obvious example is bacteriophage T4 ([Figure 2](#fig2){ref-type="fig"} ). This phage has a dsDNA genome consisting of about 168 kbp, representing about 300 open reading frames of which about 40 code for structural proteins, many of which occur in multiple copies in the virion. Crystallization can also be difficult or impossible when the structure of interest has components that are flexible, implying that each structure has specific regions on its surface that vary from molecule to molecule. This might be caused by a hinge between domains (e.g., the fibers of T4; [Figure 2](#fig2){ref-type="fig"}) or a surface carbohydrate moiety ([Figure 3](#fig3){ref-type="fig"} ).Figure 2Diagrammatic Representation of Bacteriophage T4The dsDNA genome is protected by the head capsid. The head is attached to the tail, a highly specialized and extremely efficient phage component required for infecting the *E. coli* host. The hexagonally shaped baseplate is situated at the distal end of the tail. The baseplate coordinates the movement of the six long tail fibers that initially sense the presence of the host, the short tail fibers that unfold from underneath the baseplate to firmly anchor on the *E. coli* surface, and the tail sheath surrounding the tail tube that contracts, thereby ejecting DNA into the host. The numbers identify the gene products of the various proteins that are in the assembled virion. It would be difficult to place this complex virus into a well-packed crystal lattice both because of its shape and because of the variably angled fibers ([@bib4]; [@bib16]).Figure 3The Structure of Human Rhinovirus 14 Complexed with Its Cellular Receptor Molecule, Intercellular Adhesion Molecule 1, at 26 Å Resolution(A) The icosahedral virus (gray) complexed with the two amino-terminal domains of intercellular adhesion molecule 1 (ICAM1) (red) at all icosahedrally equivalent positions. (B) The cryo-EM density of the complex (blue), fitted with the X-ray crystal structure of the two amino-terminal domains decorated with multiple conformations of the carbohydrates at the four potential N-glycosylation sites. The Asn residues at positions 103, 118, and 156, but not 175, had to be mutated in order to form viable crystals. However, note the bulges of the blue density indicating the presence of the carbohydrate moieties in the wild-type ICAM1 used to form the complex. (Modified and reprinted by permission from [@bib12], Macmillan Publishers Ltd.)

Another form of flexibility that can inhibit crystallization is the presence of lipid membranes, as occurs in many viruses. However, cryo-EM has made it possible to visualize not only the virus structure as a whole, but also the membrane proteins in situ ([Figure 4](#fig4){ref-type="fig"} ), as opposed to the usually artificial hydrophobic environments used for crystallizing membrane proteins. Amino acid sequence information and model building have produced a reasonable structure showing how the transmembrane helices interact with their surrounding lipid ([@bib33]).Figure 4The Membrane Structure of Dengue Virus(A) A central cross-section through the cryo-EM density at 9.5 Å resolution showing the E glycoprotein ectodomain, the lipid bilayer, and the internal nucleocapsid. (B) Radial density section at a radius of 185 Å, showing higher density blacker than lower density, with the superimposed envelopes of the fitted E ectodomain. Note the four blacker regions associated similarly with each monomer corresponding to four transmembrane helices per monomer. (C) Diagrammatic side view of the E protein (domains I, II, and III). Domain III connects with the EH1 and EH2 helices of the stem region in the outer lipid leaflet, and ET1 and ET2 antiparallel transmembrane helices. Also shown are the two antiparallel transmembrane helices MH1 and MH2 of the membrane protein. (Reprinted with permission from [@bib34], Nature Publishing Group.)

Crystallization also fails in the study of labile complexes that would degrade or come apart in long crystallization processes. An example is the complex of a virus with its receptor and accessory receptors. A virus must not only recognize its cellular receptor, but the recognition event has to initiate virus entry and possibly virus uncoating. For instance, the complex of human rhinovirus 14 with ICAM1 ([Figure 3](#fig3){ref-type="fig"}; [@bib12]) was formed by incubating the virus with the two-domain receptor for a few hours and then freezing within a few minutes before the virus degraded, but long enough to permit complex formation. The degradation could be slowed by cooling to 4°C, but certainly not for long enough to allow crystallization.

Crystallization requires significant amount of sample to search for conditions that produce well-diffracting crystals. For cryo-EM, it is only necessary to have enough sample to collect sufficient data to produce a reconstruction which might amount to 10^5^ particles or so to attain resolutions of better than 10 Å, perhaps. In comparison, a minimally sized crystal with dimensions of about 200 μm in each direction would contain about 10^10^ particles of 1,000 Å diameter. A further advantage of cryo-EM is that sample purity is not as critical as is required for crystallization, as images of the molecular assemblies being studied can be selected from the micrographs even when mixed with other molecules. A number of examples come to mind. With present techniques, purified flaviviruses, the less stable types such as dengue virus ([Figure 5](#fig5){ref-type="fig"} ) and especially yellow fever virus, are often mixtures of good and broken particles that would be impossible to crystallize. Or, in studying virus-receptor or virus-antibody complexes, it is often necessary to have excess ligand present to assure saturation of all sites on the virus. Another frequent occurrence is that there are two or more different modifications of the sample under study that are difficult to separate.Figure 5Cryo-EM Micrograph of Mature Dengue VirusNote the many broken particles, indicated by arrows, that can be neglected for an image reconstruction, but that are likely to inhibit crystallization attempts.

A further example of the power of being able to select specific images on a micrograph is in the study of dynamic processes such as stages in virus assembly including DNA packaging of proheads. This process was used in the analysis of dsDNA packaging into the proheads of the small tailed *ϕ*29 phage ([Figure 6](#fig6){ref-type="fig"} ; [@bib19], [@bib25]). The packaging process was stopped by freezing about 2 minutes after initiation. The original micrographs showed roughly two types of particles, those that appeared to be empty and those that appeared to be partially filled. Separate image reconstructions showed not only the partial presence of DNA in the fuller particles, but also a significantly different and larger structure around the unique vertex containing the portal for DNA entry. It was concluded that the additional density is due to the ATPase (gene product 16) known to be essential for DNA packaging. The portal vertex density could be fitted with the crystal structure of the dodecameric "connector" ([@bib25]), the central component of the DNA-packaging machine, and the difference density of the structural prohead RNA (pRNA; [Figure 7](#fig7){ref-type="fig"} ). The resultant model has provided a hypothesis on how the packaging motor works ([@bib25]).Figure 6Cryo-EM Reconstruction of *ϕ*29 ProheadThe packaging reaction was stopped by freezing 2 minutes after initiation. Particles partially packaged with genomic DNA (A) and empty (B) were selected by eye for each reconstruction from the same micrographs. Note the additional density, around the special pentagonal entry vertex, representing the ATPase (gp16) required to hydrolyze ATP for DNA packaging ([@bib19]; [@bib28]).Figure 7The Structure of the *ϕ*29 DNA-Packaging Machine(A) The crystal structure of the dodecameric connector (blue with one monomer picked out in red). (B) Fit of the C~α~ trace of the connector (yellow) into the cryo-EM density of the prohead. Shown also is the fit of the pRNA derived from a difference map between prohead and RNAase-treated connector ([@bib19]; [@bib28]). (Reprinted with permission from [@bib25], Nature Publishing Group.)

Crystallization requires the presence of a large number of essentially identical particles. Although this is also required for single-particle reconstructions, the tomographic technique does permit the reconstruction of three-dimensional images to low resolution ([@bib2], [@bib7]). In this technique, the EM grid is exposed to various tilt angles, allowing for the collection of a series of images projected in different directions for the particles on the grid. The limitations are, however, that the exposures have to be few and low dose to avoid excessive radiation damage, resulting in low-resolution reconstructions. Nevertheless, there is promise of three-dimensional analyses of whole cells and pleomorphic, membrane-enveloped viruses, such as influenza or coronaviruses.

Factors that Control Resolution of a Cryo-EM Reconstruction {#sec1.3}
===========================================================

The limit of resolution for which actual data are available on a particular micrograph or for a specific particle can be assessed by looking at the averaged Fourier transformed distribution ([@bib29]). However, final resolution of a particular reconstruction depends on many factors, including the completeness with which the Fourier transform (reciprocal space) of the reconstructed image is sampled. Each two-dimensional particle image is equivalent to a central section of reciprocal space skewed perpendicular to the direction of projection. Thus, the first few images in random orientation rapidly sample the central, low-resolution volume of reciprocal space. As the number of images is increased, the probability of sampling an extensive volume at higher resolution increases ([Figure 8](#fig8){ref-type="fig"} ). Although higher symmetry implies that fewer images would be required to attain a desired resolution, the larger the particle (corresponding to a smaller reciprocal cell), the greater will be the need for more particles ([@bib24]). Another factor that impacts the quality of the reconstructed image is the out-of-focus distance used in recording the micrograph. This distance determines the resolution at which the contrast transfer function has amplitude close to zero. Thus, if all images were taken at the same out-of-focus distance, there would be shells of resolution where there would be few effective data. Hence, it is necessary to combine images taken at various out-of-focus distances. In addition, the higher resolution data can be emphasized by the application of an "inverse temperature factor" correction. Not surprisingly, as resolution limits are being pushed outward, the need for techniques that automatically select particles on micrographs become essential ([@bib6], [@bib20], [@bib36]).Figure 8A Representation of Reciprocal Space with Lines Showing the Random Position of the Projection Planes of Randomly Selected Particle ProjectionsWhen relatively few particle images are included in a reconstruction, only a low-resolution region of reciprocal space has moderately complete sampling (inside solid circle). Many more particle orientations are required for a fuller sampling at higher resolution (inside dashed circle).

Given a good sample and the most perfect instrumentation conditions, such as lack of astigmatism, mechanical or magnetic vibrations, thermal motions of the specimen, and more, there are also other factors that determine the quality of the reconstruction. These include the accuracy with which the contrast function is determined, the accuracy with which the relative orientation and position of the particles are determined, the evaluation of the background that underlies every particle image, rejection of poorly formed particle images, and the degree of similarity (homogeneity) of the particles themselves. Where particles have symmetry, it is critical to impose the correct point group, for otherwise the result will be blurred. The reconstruction of the T4 head capsid ([@bib5]) required 5-fold averaging about the long axis causing the 6-fold symmetric tail to be blurred ([Figure 9](#fig9){ref-type="fig"} ). Similarly, the reconstruction of the *ϕ*29 prohead, using 5-fold symmetry, showed a good and strong image of the pRNA ([@bib19], [@bib28]), in contrast to earlier conclusions ([@bib8]).Figure 9Reconstruction of the T4 Head Capsid Using 5-Fold SymmetryDifferent proteins are identified by different colors: the major capsid protein, gp23, is blue, the vertex protein is magenta, the highly antigenic outer capsid proteins (hoc) are colored yellow, and the small outer capsid proteins (soc) are colored white. The scale bar represents 100 Å. Note the blurring of the tail, which has 6-fold symmetry (adapted from [@bib5]).

The Accuracy with which Atomic Structures Can Be Positioned in Cryo-EM Density {#sec1.4}
==============================================================================

Various types of models can be used for establishing the structure associated with a cryo-EM reconstruction. At lower resolution (worse than about 12 Å), it is necessary to interpret the density in terms of the structures of whole proteins or fairly large components of the molecular assembly. As the resolution improves, it is increasingly possible to search for domain repositionings ([@bib35]) and secondary structural features, such as helices ([@bib10]) or β sheets ([@bib13]), thereby accounting for conformational changes that might occur when component structures are assembled into a complex ([@bib26]).

A variety of criteria can be used when fitting rigid molecular structures into cryo-EM density as implemented in the EMfit program ([@bib24]). These need to be suitably weighted to produce a combined overall criterion of best fit. In order to place the different criteria onto equivalent scales, it is convenient to express each measure as a dimensionless quantity representing the number of standard deviations a specific fit is above average. The standard deviations themselves can be determined by analyzing a series of random fits ([@bib24]). Examples of different criteria are the mean height of density at their fitted positions, the number of steric clashes between symmetry-related molecules or between different molecules, the number of atoms that are outside the boundary of the available density, and the chemical sense of the interaction between fitted fragments. Other types of information can also be considered, such as the distance between known positions in the density map (e.g., carbohydrate sites found in difference maps; [@bib33]) and the corresponding residue position in the fitted structure, or the distance between the carboxy-terminal C~α~ atom of one domain and the amino-terminal C~α~ atom of the following, independently fitted, domain. The greater the number of consistent restraints, the greater is the probability of an accurate fit. However, as the resolution of the map improves, more reliance can be placed on the shape of the density as implemented in the Situs program ([@bib32]).

Many larger biological assemblies are composed of a variety of different proteins. The crystal structure of only some of these proteins might be available for fitting into the cryo-EM density of the complex. The boundary between subunits is possibly not well defined in some places at the available resolution. Thus, fitting of the available crystal structures in the absence of others can readily lead to some density at the borderline between the subunits being interpreted by the atoms of the known structure, whereas in reality the density might belong to the neighboring subunit belonging to a protein of a yet undetermined structure. This situation can sometimes be helped by using other indicators or markers, as was the case for separating the density belonging to the known crystal structure of the E1 glycoprotein of Sindbis virus and the density of the unknown crystal structure of the E2 glycoprotein ([Figure 10](#fig10){ref-type="fig"} ; [@bib33]).Figure 10The Trimeric (E1E2)~3~ Spike of Sindbis VirusThe known crystal structure of E1 was fitted into the cryo-EM density, assuming 3-fold symmetry, aided by the glycosylation sites at residues Asn139 and Asn245. The carbohydrate positions (crosses) had been determined from difference maps between wild-type and deglycosylated virus. After the E1 molecules had been fitted, the density at all grid points in the map that were within 4 Å of each atom in E1 was set to zero, leaving the density of E2. Hence, the three E2 molecules (cyan, brown, and blue) were shown to be long and thin ([@bib33]).

A similar technique was applied to the study of the bacteriophage T4 baseplate ([Figure 11](#fig11){ref-type="fig"} ). This hexagonal structure has a diameter of about 500 Å and a height of 270 Å. The baseplate has a "hexagonal shape" in the infectious virus, but is able to undergo major conformational changes during the process of infecting an *E. coli* cell, ending up as a "star-shaped" structure. It is composed of about 15 different proteins, each with multiple copies. The crystal structure of six of these proteins is known. The known structures could be readily fitted into the cryo-EM maps and the position and shape of some of the other proteins could be deduced from biochemical and other data ([@bib14], [@bib17]). It was found that the known crystal structures could be fitted about equally well to both the hexagonal and star-shaped structures, implying that the conformational change is primarily produced by the individual proteins slipping and sliding over each other, without themselves undergoing any major conformational alteration. Although the fitting was fairly straightforward, nevertheless the hybrid technique of combining crystal and cryo-EM data is unlikely to be able to detect small conformational changes in the main chain and especially in side chain structures. Thus, the interaction between the proteins in the baseplate, clearly essential for understanding the baseplate function, remains for now only vaguely known.Figure 11The Cryo-EM Densities (Top) of the Hexagonal (Left) and Star-Shaped (Right) Bacteriophage T4 BaseplateThese densities were interpreted (bottom) by fitting the crystal structures of gene products (gp) 12 (magenta), 11 (blue), 8 (dark blue), 9 (green), 5 (mostly obscured), and 27 (obscured). The position and shape of other proteins (gp 6, 7, 10, 25, 48, 53, and 54) could then be interpreted from biochemical information ([@bib14]; [@bib17]).

Conclusion {#sec1.5}
==========

The power of combining crystallography with electron microscopy is starting to extend structural knowledge to larger structural assemblies and the dynamic processes that underlie biological functions. Higher resolution cryo-EM results will yield better information at pseudoatomic resolution, while lower resolution cryo-EM results of larger complexes have become an essential tool of cell biology.
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